The tuco-tuco das dunas (Ctenomys flamarioni) is a subterranean rodent endemic to sand-dune ecosystems along the southern coast of Brazil. We studied 3 populations that differed in the degree of human impact, and used direct and indirect methods to assess demographic and genetic information. Field studies revealed a tendency toward a female-biased sex ratio, and sexual dimorphism in both weight and length in all 3 populations. This evidence supports a hypothesis of polygyny in C. flamarioni. Using 9 microsatellite loci, we explored patterns of variation and genetic structure among the populations. Our findings suggested that the Xangri-lá and Remanso populations, living in more-disturbed locations, could have experienced demographic reductions in population size, but not the Pinhal population. However, other factors such as a polygynous breeding system and the environmental instability that characterizes the coastal dunes may have influenced the observed pattern. Analysis of genetic structure revealed strong differentiation among populations, but no significant structure at the intrapopulation level. Nonsignificant values for the tested indices from assignment tests (F ST , F IS , mAIc, and vAIc) over population showed no evidence of sex-biased dispersal. The same was observed from analyses of molecular variance. Nevertheless, lower pairwise F ST and higher Nm values between males from Xangri-lá and Remanso indicated greater gene flow among males, suggesting a slightly male-biased dispersal pattern. Significant differences in interpopulation dispersal patterns were clearer among females, with greater dispersal for females from Pinhal than those at Remanso and Xangri-lá.
As a result of human activity such as urbanization, native habitats have become increasingly fragmented or destroyed. Both habitat loss and isolation of patches resulting from fragmentation can reduce population sizes to levels that lead to genetic drift, inbreeding, and loss of genetic variation and evolutionary potential (Frankham et al. 1999; Lande 1995) . In extreme cases, increase in population homozygosity, expression of deleterious alleles, and the effect of stochastic changes can result in local extinction (Gaines et al. 1997; Leijs et al. 1999) .
Mark-recapture studies provide a good means to assess temporal changes in spatial and social relationships (Busch et al. 1989; Lacey 2000) . Molecular genetic studies provide the means to measure patterns of parentage and kinship within groups with different degrees of sociality, as well as patterns of dispersion of genetic traits in space and time. Combining genetic analysis with demographic attributes provides valuable insights into processes that maintain variation within local populations and distribute variation among them (Steinberg and Patton 2000) . Highly variable markers such as microsatellite loci are well suited for such studies, and their use is increasing in comparative studies of genetic variation and evolutionary history in Ctenomys The focal conservation issue for the tuco-tuco das dunas is the rapid urban development in coastal environments and the progressive destruction of the natural landscape (Esteves et al. 2002; Tomazelli and Villwock 2000) . The main goals of this study were to examine patterns of genetic variation and population-size reductions (bottlenecks) in populations of C. flamarioni that are subject to different levels of disturbance in their habitat, and to describe the existence (or absence) of sex-biased dispersal patterns in the species in a population context. With these aims, we analyzed microsatellite variation in 3 populations of tuco-tucos subject to different degrees of human impact.
MATERIALS AND METHODS
Study sites and sample collection.-Our studies were conducted in coastal dunes in the state of Rio Grande do Sul, Brazil. The sampling period extended from March 1999 through March 2001, with 8 trapping periods, 1 per season at each location. The procedures with animals followed guidelines approved by the American Society of Mammalogists (Animal Care and Use Committee 1998). Oneida Victor No. 0 snap traps protected with rubber strips were used to capture the animals without injury. Each trap was introduced into the entrance of the burrow and checked every 10 min to reduce stress to the animals caught.
Tuco-tucos were sampled at 3 locations: Xangri-lá (XA; 298479S, 508019W; n ¼ 24 individuals), Remanso (RE; 298499S, 508029W; n ¼ 30 individuals), and Pinhal (PI; 308189S, 508159W; n ¼ 31 individuals; Fig. 1 ). The choice of these populations was based on their different degree of human impact. The XA and RE populations are subject to a higher degree of disturbance than the PI population, consisting mainly of the strong reduction of the 1st line of coastal dunes and adjacent inland foredune plains because of urbanization on active dunes. Anthropogenic changes are related to the high levels of human visitation, the existence of several types of recreational structures and food-service buildings on the seaward face of the dunes, and the presence of nonnative vegetation (Pinus cf. maritime and Eucalyptus) and road construction on the landward side. However, the richness of endemic plant species is similar in the 3 locales, and they contain the same native dune species, such as Blutaparon portulacoides, Senecio crassiflorum, and Panicum racemosum.
Although the geographic distance between the XA and RE populations is short (2.5 km), they were considered 2 different populations because of the existence of a geographic barrier to gene flow: the continuity of the dunes is interrupted along a nearly 500 m stretch, and no evidence of the tuco-tuco's burrow system was observed.
The areas of the study sites were 2.5 ha for XA, 3.0 ha for RE, and 7.5 ha for PI. All of the study sites extended for 400 m along the coastline. Differences in the sizes of sites depended on the available area between the frontal dunes and the 1st line of housing construction (for RE and XA) or the limits of the sand dunes (for PI).
FIG. 1.-The locations of the 3 populations of Ctenomys flamarioni studied on the coastal plain of Rio Grande do Sul, Brazil: Xangri-lá (XA; 298479S, 508019W; n ¼ 24), Remanso (RE; 298499S, 508029W; n ¼ 30), and Pinhal (PI; 308189S, 508159W; n ¼ 31). The geographic distances between the populations are 2.5 km for XA-RE, 60 km for RE-PI, and 62.5 km for XA-PI.
After each capture, the sex, body mass, and length (excluding the tail), and the reproductive condition of females were recorded. Samples for genetic studies were obtained as ear-skin biopsies and preserved in absolute ethanol. To avoid overestimating the number of individuals, each captured animal was tattooed with an identification number on the left rear leg. The tuco-tucos were then released at the same point where they were captured.
The individuals were classified following the age criteria taken from Wilks (1963) : 1 ¼ young (less than the mean mass calculated between the heaviest individual found in the mother's tunnel system and the lightest one found in its own tunnel system); 2 ¼ subadults (males: less than the mean between the heaviest and lightest individual in its own tunnel system; females: less than the lightest sexually mature female found; and 3 ¼ adults (more than the upper limit of the subadults, and all considered mature). Sexual maturity of the females was identified from signs of copulation such as an open vagina (recent copulation) or the presence of a scar in the vagina entrance (nonrecent copulation).
The location of capture was recorded with a global positioning system. This allowed us to determine density (number of individuals/area) and the minimum area occupied by the individuals in each population. The minimum number known to be alive method (Krebs 1966 ) was used to estimate the number of individuals and their density in each population.
Chi-square tests were applied to determine whether sex ratios deviated from parity in populations of C. flamarioni, for all individuals and for adult individuals only. The significance of differences in body mass and length between adult males and females was assessed using Student's t-tests.
DNA extraction and analysis of microsatellites.-Skin-tissue samples collected in the field were deposited in the collection of the Cytogenetics and Evolution Laboratory, Genetics Department, Federal University of Rio Grande do Sul, Porto Alegre, Brazil. They were stored at À208C. Genomic DNA was extracted following a protocol from Medrano et al. (1990) .
Molecular genetic analysis was performed with 9 polymorphic microsatellite loci, isolated from the Argentinean species C. haigi and C. sociabilis, with 2 (Hai 3, Hai 4, Hai 5, Hai 6, Hai 7, Hai 9, Soc 2, and Soc 3) and 3 (Hai 12) base-pair motifs (Lacey 2001; Lacey et al. 1999) .
Polymerase chain reaction amplifications were carried out in a reaction volume of 20 ll containing 25-100 ng of DNA, 0.2 lM of each primer, 0.2 lM deoxynucleoside triphosphate, 1Â polymerase chain reaction buffer, 1.5 mM MgCl 2 and 1.0 unit of Taq DNA polymerase (GIBCO-BRL Life Sciences/Invitrogen, Carlsbad, California). The thermocycling profile included an initial denaturing at 948C for 5 min, followed by 30-34 cycles of denaturing at 948C for 30 s, annealing at 50-648C for 30 s, extension at 728C for 45 s, and a final extension at 728C for 1 min. The products were run in nondenaturing 6% polyacrylamide gels and 8% polyacrylamide-40% urea denaturing sequencing gels at 1,000 V for 2-4 h, as dictated by the size of the amplification products for each locus. The products were developed with silver-nitrate stain. -Nei 1978) . The mean number of alleles per locus was corrected for variation in sample size using bootstrapping (A c[B] , sampling with replacement) and jackknifing (A c [J] , sampling without replacement) implemented in the AGARst program (Harley 2001) . Differences among populations in the number of alleles per locus and H E were assessed using Wilcoxon's signed ranks test. Private alleles, defined as those present in only 1 population, were identified for each population through pairwise population comparisons.
Analysis of linkage disequilibrium and deviations from the Hardy-Weinberg equilibrium (Guo and Thompson 1992) were tested using ARLEQUIN 2.1 (Schneider et al. 2000) . Sequential Bonferroni corrections were applied to correct for multiple simultaneous comparisons (Rice 1989) , with a ¼ 0.05 to adjust the statistical significance levels.
In spite of the current geographical separation between the nearest populations, XA and RE, a Bayesian Markov chain Monte Carlo (MCMC) approach was used in order to examine the distinctiveness of populations and the clustering of individual genotypes using the program STRUCTURE (Pritchardet al. 2000) .
To detect the genetic signatures of bottlenecks, 3 methods based on changes in allele frequencies were used. The 1st is a simple graphical method that tests whether a deficit in rare alleles exists in a sample of loci (Luikart et al. 1998a (Luikart et al. , 1998b , through the shape of the allele frequency distribution: L-shaped (as expected under mutation-drift distribution) or not (if recent bottlenecks caused a mode shift). Bottlenecks cause a characteristic change in the distribution of allele frequencies seen as loss of low-frequency alleles and an increase in relative abundance of intermediate and high-frequency alleles. The test was performed using the program BOTTLENECK (Cornuet and Luikart 1996) in which the alleles were grouped into 10 frequency classes (0-0.10, 0.11-0.2, and so on until 0.91-1.0). For the graphical presentation of the results, the classes of allele frequency were 0.19 wide (i.e., 0.01-0.20) to show the pattern more clearly. The 2nd method tests for excess of heterozygosity compared to the expected values from the observed number of alleles at each locus and population, assuming mutationdrift equilibrium. The probability of significant heterozygosity excess was calculated using a Wilcoxon signed rank test, and the computations were based on both stepwise mutation and 2-phase mutation models (Di Rienzo et al. 1994) as performed in BOTTLENECK (Cornuet and Luikart 1996) . The 3rd method, described by Garza and Williamson (2001) , uses the frequency of alleles, the total number of alleles (k), the difference between alleles in the number of repeats, and the overall range of allele size (r) to obtain the mean ratio of number of alleles to total range of allele size, M ¼ k/r. This empirical method is based on the principle that, through the effect of genetic drift, the loss of any allele will contribute to a reduction in k but only a loss of the largest or smallest allele will contribute to a reduction in r. Thus, for bottlenecked populations, k is expected to be reduced more quickly than r, leading to reduced values of M. The M-values were calculated using the program AGARst (Harley 2001) . The critical value used was that proposed by Garza and Williamson (2001) , where values of M less than 0.68 generated by a limited number of alleles of different size characterized a bottlenecked population. Additional Kolmogorov-Smirnov tests were performed to test for differences in the distribution of allele frequencies among populations.
Wright's F-statistics, based on the variance in the allele frequencies, were used to analyze within (F IS ) and between (F ST ) population structure, according to Weir and Cockerham (1984) and implemented in GENEPOP 3.4 (Raymond and Rousset 1995) . As an alternative measure of population differentiation based on the variance in allele size under the stepwise mutation model, an R ST estimator was used, here noted as q ST (Michalakis and Excoffier 1996 ; see also Rousset 1996) . Estimates of global levels of gene flow were calculated by the private allele method (Slatkin 1985) , also using GENEPOP 3.4 (Raymond and Rousset 1995) .
Measures of population structure (F-statistics-Wright 1951) were used to test for biases in dispersal tendencies of males, females, and populations as implemented by ARLE-QUIN 2.1 (Schneider et al. 2000 ). An analysis of molecular variance (AMOVA) considering 2 groups (males and females) with 3 samples of each (XA, RE, and PI) was performed to assess differences in the genetic variation apportioned among sex, among samples within sex, and within samples.
Other genetic estimates of sex-biased dispersal patterns were tested using 4 statistical indices calculated using FSTAT 2.9.3 (Goudet 1995) . The first 2 are traditional global descriptors of population structure, F ST and F IS ; the others, based on a more recent approach relying on individual genotypes (assignment index [AI] ), are the mean of the corrected assignment index (mAIc), and the variance of AIc (vAIc- Goudet et al. 2002) . Assignment indices determine the probability that an individual genotype may occur in the population from which it was sampled (Favre et al. 1997 ). In the absence of linkage disequilibrium, the probability of occurrence of a multilocus genotype is calculated as the product of the probabilities of the individual loci (Goudet et al. 2002) . Because differences between populations are not of interest, the assignment indices of individuals to their own populations are standardized to remove the effect of population. In this way, the corrected assignment index (AIc) values are calculated by subtracting the mean assignment index for a given population from the assignment index of an individual, after log-transformation to avoid rounding errors with very small numbers. Thus, the distribution of AIc is centered on zero. A positive value indicates a genotype more likely than average to occur in its sample, whereas a negative value indicates a genotype less likely than average. Because immigrants tend to have lower AIc values than residents, and members of the dispersing sex will include both residents and immigrants, under sex-biased dispersal we expect that the sex that disperses most will have a lower mean AIc and larger variance than the more philopatric sex. These indices were calculated for males, for females, and for all individuals within each population, and tested for significant differences between sex and between populations. The calculations were done excluding the loci from HardyWeinberg equilibrium.
RESULTS
Age structure.-The limits established for each age class following Wilks' (1963) criterion were 113 g for young individuals, 150 g for subadult females, and 265 g for subadult males. The mean mass for adult females was 222.8 g 6 29.8 SE (n ¼ 42), and for adult males was 332.8 6 41.6 g (n ¼ 19). The age structure in all the populations of C. flamarioni was skewed toward adult (mature) individuals: mature/(mature þ immature) ¼ 0.74.
Sexual structure.-Deviations from a sex ratio of 1:1 for the total number of individuals were not significant (chi-square test, n males ¼ 36, n females ¼ 42, v 2 ¼ 1.28, P . 0.10). The adult sex ratio, expressed as R ¼ male/(female þ male), was 0.31, showing a significantly lower number of males than females (chi-square test, n males ¼ 19, n females ¼ 42, v 2 ¼ 7.22, P , 0.05).
Sexual size dimorphism.-Adult individuals belonging to all 3 populations showed significant sexual differences, both in body mass and body length, with males being heavier and longer than females (mass: 332.8 6 41.6 g for males and 222.8 6 29.8 g for females, t ¼ 10.70, d.f. ¼ 28, P , 0.05; body length: 212.0 6 7.7 mm for males and 188.2 6 9.5 mm for females, t ¼ 10.66, d.f. ¼ 45, P , 0.05).
Population size and density.-The population sizes estimated from captured and recaptured animals scored for 2 years were: n ¼ 24 individuals at XA, n ¼ 30 individuals at RE, and n ¼ 31 at PI. The estimated densities for each population (based on the individuals scored in the field) were approximately 10 individuals/ha for XA and RE, and 4 individuals/ha for PI.
Microsatellite polymorphism and genetic variability.-All loci were polymorphic, except Hai 5 at XA and RE was monomorphic (Table 1 ). The fixed allele in these populations also was most frequent in the PI population. The total number of alleles was 24 for RE (n ¼ 27) and XA (n ¼ 24), and 32 for PI (n ¼ 30). The number of alleles detected per locus ranged from 3 (Hai 4) to 7 (Soc 2), with a mean of 5.1 alleles. A total of 12 private alleles were observed in the PI tuco-tuco population, and 2 for RE; no private alleles were obtained for XA. The allelic richness (A), calculated as the mean number of alleles across populations, and the values corrected for variation in sample size (bootstrapping and jackknifing A c ) showed lower values for XA and RE than PI (Table 1) . Despite these observed differences among populations, the Wilcoxon signed ranks test showed nonsignificant interpopulation differences in the number of alleles (T þ ¼ 5, n ¼ 4, P ¼ 0.50 for RE and XA population comparison; T þ ¼ 5, n ¼ 7, P ¼ 0.20 for XA and PI population comparison; and T þ ¼ 6, n ¼ 8, P ¼ 0.13 for RE and PI population comparison). Two loci (Hai 12 for XA and Hai 6 for PI) showed significant deviations from the genotype proportion expected according to the Hardy-Weinberg equilibrium after Bonferroni correction for multiple tests (P , 0.003). A global test of Hardy-Weinberg equilibrium using all loci showed a deviation from Hardy-Weinberg equilibrium only for XA, but it disappeared when Hai 12 was excluded from the analysis. Pairwise comparisons of allele frequencies revealed significant linkage disequilibrium between Hai 6 and Hai 9 in XA, after a-levels were corrected for multiple tests (P , 0.0006).
Using a Bayesian MCMC approach, the genetic distinctiveness of the 3 populations was inferred solely on the basis of multilocus microsatellite genotypes. Considering the range of 1-3 potential populations, the probability value obtained for 3 populations (mean value of ln-likelihood ¼ À1,085.7 6 8.0) was higher than that for 2 populations (À1,160.3 6 6.5) and 1 population (À1,454.1 6 3.8).
The allele frequency distributions showed differences among populations (Fig. 2) . The calculations were done excluding the loci from Hardy-Weinberg equilibrium (Hai 12 for XA and Hai 6 for PI). The distribution of allele frequencies for PI was clearly L-shaped, with the largest proportion of alleles at low frequencies (0.01-0.20). In contrast, the distribution of allele frequencies from the XA and RE data sets showed the largest proportion of alleles in the class of intermediate frequencies (0.21-0.80), with a consequent diminution in the class of lowfrequency alleles. The shape of the distribution of allele frequencies in the latter populations was more clearly shifted toward a lower number of more-abundant alleles, as expected in bottlenecked populations; even so, the statistical test showed significant mode-shift distribution only for the XA population.
Kolmogorov-Smirnov tests showed significant differences in the distribution of allele frequencies between the XA and PI populations (v 2 ¼ 13. 
The test for excess heterozygosity produced non-significant P-values for the PI population (0.230 based on 2-phase mutation models and 0.677 based on stepwise mutation models), and different significant P-values depending on the mutation model for the other 2 populations (0.027 based on 2-phase mutation models and 0.045 based on stepwise mutation models for XA, and 0.011 based on 2-phase mutation models and 0.048 based on stepwise mutation models for RE).
Genetic signatures of bottlenecks estimated using the ratio M, the mean ratio of the number of alleles to the range of sizes of alleles, were not observed. For the polymorphic loci in Hardy-Weinberg equilibrium analyzed, the following values were obtained: M ¼ 0.73 for XA (7 loci), M ¼ 0.76 for RE (8 loci), and M ¼ 0.79 for PI (8 loci). All M-values were higher than the critical value (0.68) indicated by Garza and Williamson (2001) .
Genetic differentiation and gene flow.-The estimates of interpopulation differentiation measured by F ST and by q ST were similar, and thus only the F ST values are shown (Table 2) . a Deviations between observed and expected levels of heterozygosity at this locus were found to be significantly marginalized by the exact test for Hardy-Weinberg equilibrium (0.01 , P , 0.05), but the deviations were not significant when a-levels were corrected for multiple tests. b Significant heterozygote deficiency after Bonferroni corrections (P , 0.003).
The values revealed significantly high levels of genetic differentiation among PI and the other populations. The pairwise F ST between RE and XA was lower, but still indicated significant population structure. These results are in concordance with the numbers of migrants per generation calculated using Slatkin's private alleles method for males, females, and all individuals among the populations (Table 2) . Estimates of intrapopulation structure calculated using the inbreeding coefficient (F IS ) indicated a higher value for XA (F IS ¼ 0.193, P , 0.01) than for RE (F IS ¼ 0.077, P ¼ 0.13) and PI (F IS ¼ 0.042, P ¼ 0.17; Table 1 ). However, when the locus in disequilibrium of Hardy-Weinberg (Hai 12) was removed, the inbreeding coefficient for XA decreased to F IS ¼ 0.118 (P ¼ 0.06).
Analyzing the pairwise values of F ST , we found that the overall patterns for males and females were concordant with those observed for the pairwise F ST across populations for all individuals: lower values for XA-RE, and higher for the other pairwise comparisons (Table 2) . However, the male F ST value obtained for XA-RE was lower and not different from zero at the 0.05 level after Bonferroni correction for multiple tests (F ST ¼ 0.086, P ¼ 0.019, a c ¼ 0.016). All the other measures of pairwise F ST were highly significant (P , 0.0001). Similarly, the number of migrants per generation using the private alleles method was ,1 for all comparisons except between XA and RE male migrants (Table 2) .
From AMOVAs, the proportion of the genetic variation apportioned within populations was higher (near 75%) than that apportioned among populations in the 3 tests performed (all individuals, males, and females). Overall obtained F ST values were high and significant (females, F ST ¼ 0.238; males, F ST ¼ 0.258; and all individuals, F ST ¼ 0.248; P , 0.0001). The AMOVA performed to assess differences in the genetic variation apportioned among sex, among samples within sex, and within samples showed nonsignificant differences only for the 1st hierarchical level (among sex; Table 3 ).
Values of F IS for both males and females were not significantly different from zero for all 3 populations (Table 4) . Both the mAIc and the vAIc values obtained for each population showed nonsignificant differences between the sexes (Table 4) .
When tested for differences among populations, the assignment-index values for XA and RE showed significant differences when compared with PI, but not from each other.
DISCUSSION
Hardy-Weinberg equilibrium, genetic variability, and linkage disequilibrium.-Significant linkage disequilibrium was observed only between Hai 6 and Hai 9 in the XA population. Evidence for linkage disequilibrium can be caused either by real association between alleles at these loci (by physical linkage or selection on multilocus genotypes), or may be an artifact of substructure (i.e., the presence of subgroups or inbreeding within some samples [Otha 1982]) . Because other studies with these loci in the genus Ctenomys did not show linkage disequilibrium between Hai 6 and Hai 9 (El Jundi and TABLE 3.-Analysis of molecular variance (AMOVA) among samples of male and female Ctenomys flamarioni based on Fstatistics. The test was performed considering 2 groups (males and females) with 3 samples of each (samples from sites Xangri-lá, Remanso, and Pinhal) to assess differences in the genetic variation apportioned between sex, among samples within sex, and within sities. d.f., degrees of freedom in each analysis; %, percentage of total variance explained by each hierarchical level; P, probability that any random value obtained after 1,000 permutations is greater than observed value. Gava and Freitas 2004; Lacey 2001; Wlasiuk et al. 2003) , linkage because of close proximity on the chromosomes seems less likely. Levels of microsatellite variability in C. flamarioni were intermediate compared with other species of the genus Ctenomys. In C. flamarioni we detected 46 alleles for the 9 polymorphic loci analyzed, with a mean of 5.1 (ranging from 3 to 7) per locus (Table 1) . Mean numbers of alleles per locus reported for other species are: 2.5 (range 2-3) for C. lami (El Jundi and Freitas 2004), 8.3 (range 6-14) for C. rionegrensis (Wlasiuk et al. 2003) , 7.5 (range 3-13) for C. haigi (Lacey 2001) , and 9.3 (range 5-15) for C. minutus (Gava and Freitas 2004) . In the social species C. sociabilis, the mean number of alleles per locus was 2.3 for the polymorphic loci, ranging from 1 to 3 (Lacey 2001) . A populational analysis in C. talarum reported 2-6 and 2-9 alleles per locus in each of 2 populations studied (Cutrera et al. 2006) .
Even though the estimated allelic richness values (A and A c ) for the XA and RE populations were lower than that found for PI, the tests applied to search for differences in number of alleles among populations indicated nonsignificant differences among the populations. Likewise, no significant interpopulation differences in H E were detected. Although there is no evidence of significant quantitative differences in the number of alleles and heterozygosity, the existence of a higher number of private alleles in the PI population (12 alleles) than RE (2 alleles) and XA (no alleles) evidences qualitative differences among them (see below).
A global exact test of the Hardy-Weinberg equilibrium using all loci revealed a deviation from equilibrium only for the XA population. This deficit of heterozygotes was suggested by the significant values of F IS obtained in this population. Several possibilities may account for the observed deviation from the Hardy-Weinberg equilibrium: nonrandom mating, inbreeding, null alleles, and population structure (e.g., the Wahlund effect). Because no blank genotypes (putative null homozygotes) were observed, and the loci were polymorphic and in HardyWeinberg equilibrium in other populations studied (data not shown), the null-allele hypothesis could be rejected.
Differences in population demographic history: origins and evolutionary processes.-The characteristics of the process of population formation and the history of reductions in population size may play an important role in the evolution of the patterns of genetic variation. Populations that originated from a small number of individuals will show reductions in genetic variability compared with populations without strong founder effects. These low levels of initial variability can only be reversed by sufficient increases in the population size, gene flow, and periods of stability over time. Likewise, populations that were subject to past reductions in population size will undergo different degrees of reduction in variability (Avise 1994). Although we do not know the demographic history of these populations of C. flamarioni, the observed patterns of genetic variation suggest different rates of gene flow, genetic drift, and variation in population size.
Many different approaches to detect the genetic signatures of a recent bottleneck have been proposed (Beaumont 1999; Cornuet and Luikart 1996; Garza and Williamson 2001; Leberg 2002; Luikart et al. 1998a Luikart et al. , 1998b Spencer et al. 2000) , with different limitations on their predictive power. We combined 3 methods to obtain more powerful estimates. The Wilcoxon signed rank test for excess of heterozygosity and the test for fit to L-shaped allele's frequency distribution showed differences between the PI and the other populations. These tests detected a pattern of recent bottleneck for the more-disturbed locations, XA and RE populations, but not for PI. The pattern was confirmed by the KolmogorovSmirnov test, to compare the distribution of allele frequencies among populations. The M-statistic, which has been shown to be a good predictor of the demographic history for the population in which this information was available (Garza and Williamson 2001 ; but see Whitehouse and Harley 2001) , did not detect a pattern of bottlenecked population as suggested by the former test. If the bottleneck effectively existed in the demographic past of the XA and RE populations, some causes that may be responsible for the higher than expected M-values are: the effect of entrance of new alleles into the populations by immigration; a low ratio of multistep to 1-step mutations in the tuco-tuco microsatellite data set that produced a more restricted (and bellshaped) size distribution of alleles; or the effect of mutation and genetic drift acting together. Because the XA and RE populations occupy a very fragmented area, the effect of entrance of new alleles as the main cause for the observed increase of M-values seems improbable. A more plausible explanation may be the combined action of the process of allele generation, with a high proportion of 1-step mutations and genetic drift guiding the loss of alleles. This could increase the chance of losing the largest or smallest allele, which in turn would reduce the allele size range and offset any reduction in M. On the other hand, the evidence from private alleles suggests that PI, with 12 private alleles and all of the 9 loci studied in the polymorphic state, could effectively have a demographic history of more stability than RE and XA, with 2 private alleles and none, respectively, and 1 of 9 loci in the monomorphic state.
However, an additional point to be considered is the action of nonhuman factors in the decrease of genetic variability. First, a genetic bottleneck also can occur in the absence of a demographic bottleneck, when there are few breeders of 1 sex because of a skewed sex ratio or a polygynous (or polyandrous) breeding system (Luikart et al. 1998b ; but see Dobson et al. 2004) . In this sense, the polygyny evidenced in C. flamarioni from field data could produce or act with the bottleneck, contributing to the observed patterns in the smaller (XA and RE) populations. Second, the known instability of the coastal environment, both historical and contemporary, could have played an important role in the patterns of differentiation and genetic variation observed nowadays in the tuco-tuco populations. Again, the smaller and more-isolated populations of XA and RE should have suffered more than PI from the action of genetic drift on their variability. Analyses for 2 demographically distinct populations of the talar tuco-tuco (C. talarum) had shown that despite their differences in the population density, degrees of polygyny, patterns of population structure, and genetic variability, 2 of the 3 procedures used to detect historical reductions in population size failed to reveal significant evidence of bottleneck (Cutrera et al. 2006) . The test for excess heterozygosity, the most powerful test used in our study, was the only one that produced significant P-values for the population of C. talarum that exhibited less variability, stronger pattern of polygyny, more subdivision, and greater population density than the other.
Genetic variation and sex-biased dispersal pattern.-Despite the short distance between XA and RE, our results showed genetic divergences among all 3 populations studied, as evidenced by the significant values of pairwise genetic differentiation (F ST ). The choice of F ST -based estimates was supported by the close similarity of the pairwise values obtained from the analogue q ST (assuming a stepwise mutation model), and because when sample sizes are moderate or small (n s 10) and the number of loci scored is low (n l , 20), F ST provides more precise estimates than q ST (Gaggiotti et al. 1999) . On the other hand, F ST can be used simply as a relative measure of population divergence and to suggest tendencies in current gene flow (Neigel 2002) .
The gene-flow estimates based on private alleles showed low numbers of migrants among the population, although sustaining the same pattern that was observed from F ST estimates with a higher number of migrants per generation for RE and XA (Nm ! 1) than that observed between these populations and PI (Nm , 1).
Analyzing the population structure and considering males and females independently, the divergence values between populations (F ST ) were nonsignificant only for males between the nearest populations (RE and XA; Table 2), a pattern also shown in the Nm estimates. Because the degree of genetic structure is expected to decrease with an increase in dispersal distance (Perrin and Mazalov 2000) , these results suggest the existence of a subjacent pattern of male-biased dispersion. This pattern could be expected from the evidence of polygyny in C. flamarioni (sexual dimorphism and significant deviations from a 1:1 adult sex ratio). The reason is that male-biased dispersal has been reported to be stronger in polygynous than in monogamous mammals (Dobson 1982) , because males show strong local mate competition, which results in pressure for male dispersal Mazalov 1999, 2000) . Evidences of polygyny in the genus were reported from morphological and demographical data for C. australis Zenuto and Busch 1998) and C. talarum (Busch et al. 1989; Busch 1991, 1997) . In the latter species, polygyny was also confirmed from behavioral data (Zenuto et al. 2002) and molecular data (DNA fingerprinting- Zenuto et al. 1999 ). On the other hand, the fact that the pattern of male-biased dispersal was observed only among XA and RE populations could be explained by a stepping-stone model, in which we would expect to see differences between F ST males and females from neighboring populations, but these differences will vanish as populations are farther and farther apart (Goudet et al. 2002) . For this reason, the F ST -based test should be more powerful to detect short-distance than long-distance sex-biased dispersal.
However, when we tested for between-sex differences by the assignment index (mAIc and vAIc) and F IS , these differences were not significant for any population, nor were they significant when all populations were pooled together. This pattern of no differences among the apportioned variation by sex also was supported by the AMOVA. The differences observed through the different methods applied may be related to the problem that sex bias and dispersal rate need to be very high to be detected by any of these methods (Goudet et al. 2002) , and therefore the absence of patterns of biased dispersal (principally when it is small) might be shaped by limitations of the statistical method, rather than by behavioral or ecological causes. Nevertheless, in subterranean rodents, dispersal by both sexes appears to be very frequent (Busch et al. 2000) , and was reported in populations of C. talarum (Malizia et al. 1995; Zenuto and Busch 1998) . Likewise, other studies estimating dispersal from capture-mark-recapture field data for C. flamarioni have shown no significant sex-biased dispersal (J. F. B. Stolz, pers. comm.).
Interpopulation differences were observed in XA and RE, which are denser and more human-impacted compared to PI. Even with only 3 populations analyzed, we expected a different dispersal pattern between saturated versus nonsaturated populations (Perrin and Mazalov 2000) , with more evidence of dispersal (and more clear for females than for males) in the low-density population. Comparisons from behavioral and genetic data reported differences in sex-biased dispersal patterns among high-versus low-density populations of C. talarum, with more male-biased dispersal in high-density populations, and larger dispersal distances for males and females in low-density populations (Cutrera et al. 2005 ).
In conclusion, based on our analyses, the populations of C. flamarioni showed no unequivocal pattern of dispersal by sex, nor by populations. The former can be explained through the differences in the robustness of the methods employed and the low degree of philopatry of females. The significant differences in the dispersal patterns observed among the populations can be better explained because of the qualitative differences among the areas and the capability of individuals to disperse in high-density versus low-density areas.
Even though the common hypotheses to explain natal dispersal in mammals include inbreeding avoidance, competition with close relatives, and variation in territory quality (Dobson 1982; Greenwood 1980) , this study did not attempt to test this hypothesis directly, and further investigations are necessary to resolve the question of which of these factors may be affecting dispersal.
Knowledge of these and other genetic and demographic characteristics is fundamental for endangered and threatened species, such as C. flamarioni, which urgently require decisions on appropriate management to counteract the damage caused by human action. This damage could be increased by population characteristics such as their breeding system, and stochastic factors such as the natural instability of the coastal habitats of Rio Grande do Sul. Therefore, populations that presently show signs of loss of genetic variability must be more carefully managed, through action to protect not only the natural habitats but also the variability of the processes within them.
RESUMO
O tuco-tuco das dunas (Ctenomys flamarioni) é um roedor endêmico do ecossistema de dunas costeiras do litoral sul do Brasil. No presente trabalho foram estudadas três populações com diferente grau de impacto antrópico, e usados métodos diretos e indiretos para acessar informações demográficas e genéticas das mesmas. A partir de estudos de campo, foi observada uma tendência à desvios da proporção sexual em favor das fêmeas, e dimorfismo sexual com machos maiores tanto para a variável peso quanto para comprimento do corpo. Estas evidências apóiam a hipótese de poliginia em C. flamarioni. Através do uso de 9 locos de microssatélites foram analisados os padrões de variação e estrutura genética populacional. Para Xangri-lá e Remanso, que habitam os ambientes mais alterados, é sugerido um padrão de redução recente do tamanho populacional não observado para a população de Pinhal. Todavia, outros fatores tais como o sistema poligínico de cruzamento e a instabilidade ambiental que caracteriza as dunas costeiras, poderiam estar influenciando os padrões observados. As análises de estrutura genética revelaram forte diferenciação entre as populações, mas não dentro elas. Valores não significativos obtidos para os testes de assignment (F ST , F IS , mAIc, e vAIc) em cada população, indicam um padrão de dispersão similar entre machos e fêmeas. O mesmo foi observado a partir dos testes de análise da rariância molecular. Todavia, os menores valores de F ST e maiores de Nm obtidos para os machos das populações de Xangri-lá e Remanso, sugerem maior fluxo gênico entre machos e um padrão fraco de dispersão predominante dos machos. Diferenças nos padrões de dispersão entre as populações foram detectadas entre as fêmeas: maior dispersão para as fêmeas de Pinhal do que para as de Remanso e Xangri-lá.
